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ABSTRACT

A physically based ground hydrology model is developed to improve the land-surface sensible and latent
heat calculations in global climate models (GCMs). The processes of transpiration, evaporation from intercepted
precipitation and dew, evaporation from bare soil, infiltration, soil water flow, and runoff are explicitly included
in the model. The amount of detail in the hydrologic calculations is restricted to a level appropriate for use in
a GCM, but each of the aforementioned processes is modeled on the basis of the underlying physical principles.
Data from the Goddard Institute for Space Studies (GISS) GCM are used as inputs for off-line tests of the
ground hydrology maodel in four 8° X 10° regions (Brazil, Sahel, Sahara, and India). Soil and vegetation input
parameters are calculated as area-weighted means over the 8° X 10° gridbox. This compositing procedure is
tested by comparing resulting hydrological quantities to ground hydrology model calculations performed on
the 1° X 1° cells which comprise the 8° X 10° gridbox. Results show that the compositing procedure works
well except in the Sahel where lower soil water levels and a heterogeneous land surface produce more variability
in hydrological quantities, indicating that a resolution better than 8° X 10° is needed for that region. Modeled
annual and diurnal hydrological cycles compare well with observations for Brazil, where real world data are
available. The sensitivity of the ground hydrology model to several of its input parameters was tested; it was
found to be most sensitive to the fraction of land covered by vegetation and least sensitive to the soil hydraulic
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conductivity and matric potential.

1. Background

Atmospheric scientists have used simple parameter-
izations for evaporation from land surfaces in global
climate models (GCMs). These parameterizations have
been reviewed by Carson (1982). In general, the
schemes make two crude assumptions in order to sim-
plify the complexity of the evaporation processes over
land: 1) a soil moisture availability function based on
simple water budget and field capacity accounting is
used in place of a physically modeled soil hydrology;
and 2) evaporation is modeled without explicit phys-
iological resistance from vegetation. This approach
does not allow the role of vegetation in the hydrologic
cycle to be portrayed realistically nor does it permit
detailed study of biosphere-climate interactions.

Utilizing theoretical advances from plant physiology,
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micrometeorology and hydrology, several GCM re-
search groups are currently engaged in model im-
provement in order to parameterize more realistically
the exchange of fluxes between the atmosphere and the
biosphere. Dickinson (1984) described a parameter-
ization for a detailed calculation of evapotranspiration
which includes soil water movement, vegetation storage
and evaporation of intercepted precipitation and dew,
and the partitioning of vegetational surface area into
transpiring (leaves) and nontranspiring (stems) seg-
ments. Sellers et al. (1986) have also developed a pa-
rameterization of land-surface atmosphere processes
which includes the interaction of vegetation with ra-
diation, vertical water movement in the soil, conduc-
tion of soil water through the vegetation layer, inter-
action of photosynthetically active radiation with
integrated stomatal functioning of the canopy, evapo-
transpiration, and rainfall interception and evapora-
tion.

These more detailed evapotranspiration parameter-
izations, however, are dependent on adequate descrip-
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tions of the highly variable physical and biological
characteristics of the land surface. It is unknown how
detailed this characterization of soil and vegetation
must be in order to model realistically climate with a
GCM. Sensitivity tests with the improved evapotran-
spiration models both off-line and linked to the GCMs
should help to determine climate sensitivity to the sur-
face parameters and therefore the optimum level of
detail for describing land-surface characteristics and
processes to be included in the GCMs.

Our primary objective is to provide a more realistic
yet still simple calculation of evaporation from land
surfaces for GCMs by including realistic soil water flow,
explicit vegetative resistance, evaporation from inter-
cepted precipitation and dew, evaporation from bare
soil, and the partition of soil water loss due to tran-
spiration according to root density. A schematic rep-
resentation of the processes included in the ground hy-
drology model is shown in Fig. 1. Other objectives are
to test the use of composite vegetative and soil char-
acteristics developed from small-scale observations in
the evapotranspiration calculations at gridbox 8° lat
X 10° long (or 4° lat X 5° long) resolutions and to test
the model’s sensitivity to soil and vegetation charac-
teristics.

a. Comparison with simpler model

The ground hydrology model has been designed as
a candidate for incorporation into the Goddard Insti-
tute for Space Studies (GISS) GCM (model II as de-
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scribed in Hansen et al. 1983). It represents an im-
provement over that used in the GISS GCM in the
following respects:

1) Multiple soil layers may be used instead of two
in order to provide a more realistic description of soil
water dynamics. '

2) Realistic hydraulic conductivity and matric po-
tential functions are specified rather than a constant
diffusivity. -

3) The vertical profile of scil textures, which deter-
mines the conductivity and potential functions, is de-
fined for each 8° X 10° gridbox according to soil type,
as prescribed by the 1° X 1° soil file and profile de-
scriptions developed by Zobler (1986; 1985). Model
IP’s soil characteristics were specified by vegetation type.

4) Surface runoff is physically modeled, instead of
prescribed. )

5) The process of underground runoff is included
and is physically modeled.

6) Gravitational potential is included.

7) Transpiration is included in evaporation from
land surfaces. '

8) Evaporation of intercepted precipitation and dew
on the canopy is modeled.

9) Evaporation from bare soil is calculated sepa-
rately from vegetation-covered surfaces.

2. Soil water movement

"The distribution of water in the soil will be calculated
in order to model accurately the processes of transpir-
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FiG. 1. Schematic of processes included.in improved ground hydrology calculations.
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ation, evaporation from soil, runoff, and heat transport
within the soil. Each of these processes significantly
affects the heat exchange between the atmosphere and
the surface; consequently, an accurate modeling of soil

hydrology is an important part of long-term atmo-

spheric modeling.

a. Finite difference equations
Darcy’s law is assumed to hold throughout the soil:

where Fis the water flux, K the hydraulic conductivity,
h the matric potential, and z the depth. The vertical
component of this equation is

F= —K(@ + 1) . 2
dz

If A is a function of the volumetric moisture content,

6, then (2) can be rewritten as

do

(D e + K) ,
where D, the diffusivity, is given by Kdh/d6. In order
to handle cases of soil profiles with horizons consisting
of various textures, the matric potential must be con-
sidered a function of z as well as 8. In this case, dh/dz
can no longer be written as (dh/db)(db/dz) as in (3),
but must be represented as

dh _ohdb ok

dz 080dz 9z’

3

4

The flux equation now cannot be written in the dif-
fusion form (3), due to the presence of dh/3z. We use
(2) to describe the flux since soil profiles are generally
heterogeneous. Each layer, however, is assumed to be
of uniform texture.

Numerical methods were first used to solve the ho-
mogeneous case by Hanks and Bowers (1962). These
methods were extended to the heterogeneous case by
Wang and Lakshminarayana (1968). Our model uses
the following finite difference form of Darcy’s law (see
Fig. 2):

F, = K(H, — H-)/(Z; — Z-), &)

where F; is the flux between layers /and / — 1, K; is
the hydraulic conductivity between layers /and / — 1,
Hj is the total potential (matric plus gravitational) of
layer /, and Z, is the mean depth of layer /. The surface
is initially assumed to be level, with the layers parallel
to the surface. We will let our dependent variable be
w;, the quantity of water in layer /. Flux in the upward
direction is positive, so the equation for w; is

T F., — F,. 6)
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FI1G. 2. The soil model layers. Quantities F; and K; are defined at
the boundaries; the remaining quantities are defined at the centers.
Index-{ refers to the layer and its upper boundary.

b. Time scheme

In order to ensure numerical stability of the solution,
an implicit time scheme is used. The form of the
scheme is

with = wi + (FI® — FI*)AL Q)

where the superscripts indicate the time step, and « is
a parameter between 0 and 1. This can be written more
compactly, with a change in notation, as

Aw, = (Ff — FP)AL ®

Here F§ is the flux evaluated at a time intermediate
between the present time step and the next time step.
Equation (8) can be solved approximately by linearizing
with respect to Awy, or it can be solved exactly with a
Newton-Raphson iteration. In either case, the solution
is facilitated because the equations can be cast in tri-
diagonal form [see (5)], yielding a rapid solution via
the Gauss-Jordan algorithm. Equation (8) does not
include effects of hydraulic pressure under saturated
conditions, underground runoff, or evapotranspiration,
and must be modified to include these processes. These
changes are discussed here.

¢. Boundary conditions

If L is the number of layers, the boundary condition
at the bottom is taken to be one of

a: Fry =0
L+1 ] . ©)
b: Fry =K1,
Case (a) is for the presence of bedrock, while case (b)
represents gravitational drainage of water when bedrock
is below the bottom boundary. Depth to bedrock is
prescribed for the soil units of the Zobler world soil
file according to profile descriptions (FAO 1974).

The boundary condition at the top is taken to be
the minimum of the precipitation and infiltration ca-
pacity, or infiltrability,

Fl = —min(Pr, Imax)’ (10)

where P, is the precipitation rate and I, the infiltra-
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tion capacity. Given that the top layer is assumed to
be homogeneous, /., can be calculated as

dh (W1 — W) 1] an

Inax = Ki(w,
1( Sal)[ . Zl

W)= Wgat

where wg, is the saturation value of w,, and 4, is the
matric potential in layer 1. Rainfall not entering the
soil is removed as surface runoff. The GISS GCM rain-
fall intensities appear to be low; therefore a subgrid-
scale parameterization of rainfall intensity and areal
variability may be included in a later version of the
model.

d. Underground runoff

If the surface is not level, but at an angle X from the
horizontal, then (2) splits into two components,

a: F,=-K [@ + cos(x)] }
dz , (12)
b: F, = —Ksin(X)
where z now represents the perpendicular distance be-
low the surface and y is a coordinate perpendicular to
z in the uphill direction. The vertical flux equation is
therefore essentially the same as before, but now a hor-
izontal flux equation,

F, = —KS,

where S = sinX, has been added.

We next assume that there are sinks which can re-
move water that is moving horizontally. If these sinks
occur at a distance é apart, we can calculate the overall
loss of water to the sinks as follows: Considering the
region between two sinks and ignoring any vertical
transport of water, the flux entering the region from
the uphill side is zero, while the flux leaving the region
on the downhill side is F,. For layer /, the mass of

13)
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water leaving a square area of side é per unit time is
F,0AZ,;, where AZ, is the thickness of layer /. Conse-
quently,

dW[ AZ[
a4 Fy 3 (14)
is the change in water content in layer / due to under-
ground runoff.

The surface slope, X, is prescribed for each 1° cell
from the Zobler world soil file and composited for the
8° X 10° gridbox by weighted average. The distance
between sinks, §, is related to the mean interstream
distance and is prescribed for each gridbox.

e. Complete soil equations

Equation (6) can now be modified. to take into ac-
count both underground runoff and evapotranspira-
tion. Thus,

dw KiSAZ, '
= = Fm—F-=SS-ET,(19)

where F; is the z component of the flux at boundary /,
K, the mean conductivity in layer /, and ET, the evapo-
transpiration from layer /.

- Soil water functions, classifications, and character-
istics
The hydraulic conductivity K(6) and the matric po-

tential A(0) (Fig. 3) were obtained by fitting the follow-
ing functional form to.observed data:
exp(a-10~' + ag + a0 + a0%). (16)

The fits were done by the method of least squares in
the logarithm of 4 or K. The coeflicients are functions
of the soil texture. The matric potential curves and
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FIG. 3. Theta-matric potential (a) and theta-conductivity (b) curves for sand, loam, and clay texture classes.
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saturated conductivities for the three (coarse, medium,
and fine) textures were supplied by Zobler (personal
communication 1985). The conductivity curves were
then determined by the method of Mualem (1976).
The effects of soil structure on the hydraulic properties
may be included in a later version of the model.

The soil water functions are considered to be func-
tions of the water content. However, although both the
matric potential and the hydraulic conductivity display
a hysteresis effect (Hillel 1982), this is neglected in the
interest of simplicity.

g. Compositing

A layer may contain more than one distinct horizon,
so that different soil textures, with distinct matric po-
tentials and conductivities, are present. The soil data
consist of horizons, defined in terms of their depths
and textures, on a 1° X 1° grid, according to FAO
(1974) descriptions. In general, the horizon boundaries
will not be aligned with the model layers, so that an
averaging of the soil properties in the vertical must be
done. Each 1° X 1° cell is therefore divided vertically
into model layers, consisting of one or more horizons.
The model grid size will usually be either 8° X 10° or
4° X 5°, so that an averaging of the soil properties in
the horizontal is necessary as well.

A 0, is calculated for each 1° X 1° layer by taking
the weighted average of the 0, for each texture within
the layer. A relative moisture content, equal to 6/,
is then used to evaluate the hydraulic conductivities
and matric potentials for each of the textures. The
composite matric potential in the 8° X 10° layer is
evaluated by taking the weighted average of the poten-
tials within the 1° X 1° layer, and the weighted average
of these averages over the 8° X 10° gridbox. The com-
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posite matric potential is expressed as a linear sum of
the potentials of each of the textures.

The conductivities of each 1° X 1° layer should be
calculated on the basis of the weighted harmonic mean,
in analogy with series electrical resistors. Then the
composite 8° X 10° layer conductivity can be calcu-
lated by taking the weighted average of the 1° X 1°
layer conductivities, in analogy with parallel electrical
resistors.

However, in order to carry out the foregoing aver-
aging procedure for the conductivities, the model would
require calculations on the 1° X 1° grid at each time
step. In order to avoid this, the harmonic mean of the
conductivity for each 1° X 1° layer is approximated
by retaining only the term that would dominate at sat-
uration. In this approximation, the conductivity of each
1° X 1° layer is proportional to the conductivity of a
single texture. As a result, the composite conductivity
of each 8° X 10° layer can be written as a linear sum
of the conductivities of each texture.

The conductivities that are directly calculated rep-
resent the mean conductivities within the given layers.
In order to carry out the water movement calculations,
the conductivities at the interface between layers are
needed. We obtained the between-layer conductivities
by interpolating the two neighboring mean conductiv-
ities to the interface.

Two methods of interpolating the conductivities
were tried. The first used linear interpolation and the
second used geometric, or logarithmic, interpolation.
These two methods were tested by observing the infil-
tration for a rainfall rate of 5 X 107° m s~ over clay
(Fig. 4). The infiltration rate for three soil layers is
compared to results for six- and twelve-layer models.
These results show that both methods of interpolation
result in an overestimate of the infiltration for the three-
layer case. The geometric interpolation is somewhat
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FIG. 4. Infiltration rates for a constant precipitation rate of 5 X 107% m s™'. The soil is clay, with an initial uniform 6 of 0.3.
Linear interpolation results are shown in (a); geometric interpolation is shown in (b).
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FIG. 5. The matric potential in the vicinity of the water table, z,.

more accurate in terms of the accumulated infiltration,
but can suffer from oscillations. At present, the geo-
metric interpolation method is used to evaluate the
conductivity, but other methods are being examined,
such as interpolating 6 rather than the conductivity.

" h. Layering

Three soil layers are used in the model. The thick-
nesses of the layers are in a geometric series. For this
version of the model, the top layer is taken to be 0.08
m thick, and the bottom boundary is located either at
3.44 m or at the depth of the bedrock, if bedrock is
present at a shallower depth. If bedrock is not present
to a depth of 3.44 m, the bottom boundary is consid-
ered to be permeable.

Although three soil layers are used in this version,
the model can be run with any number of soil layers
(see Fig. 4). When linked to a GCM, the number of
layers will be chosen in such a way as to yield a rea-
sonable compromise between accuracy and compu-
tational cost.

i. Position of the water table

The water table, defined as the position of the
boundary between saturated and unsaturated soil, is
an important quantity in describing and understanding
soil water processes, but it is not a prognostic variable
of the soil model. Instead, it is calculated separately
based on the quantities of water in each of the three
soil layers (see appendix A). The location of the water
table can be estimated to an accuracy significantly
greater than the spacing between soil layers.

The water table is found in the lowest unsaturated
soil layer. The water table’s depth within a given layer
can be approximated by
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2, = 2o = [=2h(z21, 2)(22 — 2)/(a(2w, 22) + D],
(17

where z; and z, are the lower and upper layer bound-
aries, respectively, A(z;, z») is the average matric po-
tential in the layer (Fig. 5), and

4z, 22) = F(22)/K[6(22)]. (18)

3. Evapotranspiration

For the evapotranspiration calculations, we consider
the vegetation to exist in a pseudosurface layer, with
negligible heat capacity. Precipitation and dew are par-
titioned into throughfall and interception through the
use of a landcover fraction and a canopy storage ca-
pacity. Evapotranspiration is then divided areally into
three parameters (Fig. 6): 1) transpiration from dry
vegetation; 2) evaporation of intercepted precipitation
or dew on the canopy; and 3) evaporation from bare
soil. The soil surface shaded by vegetation does not
evaporate.

a. Transpiration from vegetation with dry canopy

The equation for unstressed transpiration, Tyus, 1S
based on Monteith (1981):

Tunst = falAR,, + c,pJ(es — e2)/R.)/

[A+ (1 + R/R)IN, (19)
where f; is the fraction of canopy which is dry, A the
slope of the saturated vapor pressure curve at the sur-
face plane temperature 7, R, the net radiation, ¢, the
specific heat of air at constant pressure, p the density
of air, J the mechanical equivalent of heat, ¢, the sat-
uration vapor pressure at T, ¢4 the vapor pressure at
the surface plane, R, the atmospheric boundary layer
resistance to vapor transfer from the canopy to the
surface plane, R, the canopy resistance, v the psychro-
metric constant, and A the latent heat of vaporization.

Equation (19) gives essentially the same answer as
the aerodynamic formula. It has the advantage that it
is easily adapted to off-line models. When linked to a
GCM, (19) or the corresponding aerodynamic formula
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FIG. 6. Land-surface division of latent and sensible heat fluxes.
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will be involved in an iterative time-step procedure
(see section 2e).

All of the foregoing quantities except for R, and f;
can be obtained directly from the GCM atmospheric
variables. The boundary layer resistances to vapor
transfer for cases of neutral and nonneutral stability
are calculated as in the present model II, with the dif-
ference that a zero plane displacement value is specified
in addition to surface roughness. The zero plane dis-
placement, which is important in calculating boundary
layer resistance for very tall vegetation types, is cal-
culated according to Monteith (1973):

ZD = (.63 VH, (20)

where VH is the vegetation height. Surface roughness
of vegetation is calculated according to Monteith
(1973):

ZO = 0.13 VH. 1)

These are used in the calculation of the drag coefficient,
Cp. The boundary layer resistance is related to the drag
coefficient by

Ro = 1/(V:Ch), (22)

where V; is the wind speed at the surface plane, and
Cy the humidity transfer coefficient, which is related
to Cp and the Richardson number (Hansen et al. 1983).
When the evapotranspiration calculations are in-
corporated into the GCM, the surface roughness will
be determined as in model II as the maximum of to-
pographic or vegetation surface roughness, since effec-
tive surface roughness depends on both large-scale to-
pography and small-scale surface texture.
The canopy resistance describes the vegetative con-
trol of water loss to the atmosphere. In the model, it
. is calculated as a bulk stomatal resistance estimated
for the evaporating leaf surfaces treated as parallel re-
sistors (Fig. 7):

Ts

K= Tan

(23)

WATER TRANSPIRING
€— TO ATMOSPHERE FROM
UNIT AREA ABOVE CANOPY

BOUNDARY LAYER
RESISTANCE —>

<

CANOPY RESISTANCE =

STOMATAL RESISTANCE | STOMATAL
EFFECTIVE LEAF 2 € RESISTANCE
AREA INDEX

2
UNIT AREA OF ACTIVELY
TRANSPIRING LEAF

€— FLOW OF WATER
FROM UNIT AREA OF SOIL

FIG. 7. Canopy resistance portrayed as a parallel resistor system,
in series with the boundary layer resistance. Each conductor represents
one unit area of actively transpiring leaf. The sum of the actively
transpiring leaf unit areas equals the effective leaf area index.

ABRAMOPOULOS, ROSENZWEIG AND CHOUDHURY

927
Bets Functions
- —— Sand
i - Losm
- Clay 4

. .6
Relative Wetness

1

FiG. 8. Soil water availability (8,,) functions
for sand, loam, and clay.

where r; is minimum stomatal resistance and LAI, is
the effective leaf area index, defined as the projected
area of evaporating leaves per unit area of ground. The
use of minimum stomatal resistance overestimates
transpiration rate since stomatal resistance varies with
light, temperature, and humidity; functional relation-
ships for these effects may be incorporated in the model
later. The LAL is calculated as a function of LAI:

LAL = LAL[l — exp(-LAI/LAL)],  (24)

where LAI, is the maximum value of LAIL,. Effective
LAI is used to account for the attenuation of radiation
as light passes through the canopy and the coincident
decrease in plant surface which is actively transpiring
(Aston 1984).

The actual transpiration from each soil layer 77, is
calculated as the product of total unstressed transpir-
ation, T, soil moisture availability in layer /, 8,.(/),
and fraction of roots present in soil layer /, f,(/):

= J(DBw() T unst. (25)

Total transpiration, 7, is the sum of 7 over all layers.
Actual flow of water from the soil to the leaves depends
on soil water potential, resistance of water flow to the
root surface, specific resistance of system elements, and
leaf water potential. The soil moisture availability fac-
tor, By, is used to approximate this flow and is taken
to be linearly dependent on the total potential in each
soil layer (Fig. 8),

Bu(l) = max(—’?”—"—H’, 0) : (26)

H,

where H, is the wilting point. Although (25) looks like
a simple bucket model, the use of (26) yields more -
realistic transpiration rates, due to the nonlmear de-
pendence of transpiration on 6.
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Cumulative root distribution functions were devel-

oped for different vegetation types based on observa-
tions of root distribution, length (used as a proxy for
root surface area), and depth reported in the literature.
“Sources of root data include Odum and Pigeon (1970),
Epstein (1973), Kutschera (1960), Klinge (1973), and
Collinson (1977). The functions were fit using the form,

F(2) = az", (27)

where z is the depth of soil layer and a and b are coef-
ficients. The fraction of roots present in each soil layer,
f(), is determined from the difference in the cumu-
lative root distribution functions at the top and bottom
of each layer.

b. Evaporation of intercepted precipitation and dew

Interception of rainfall by vegetation can amount to
a significant fraction of precipitation, as much as 15-
40 percent in coniferous forests (Rutter 1975). The in-
tercepted water eventually evaporates from the leaves,
and is not available for runoff or transpiration; it also
suppresses transpiration from the wet surface of the
canopy. Therefore, as Dickinson (1984) has argued,
interception should be included in ground hydrology
models for GCMs.,

Canopy water storage capacity, W, in kg m™2, is
defined as '

w, = 0.1 LAL 28)

Precipitation intercepted by the canopy is subtracted
from precipitation. If the sum of dew and intercepted
precipitation, w,, is greater than wy, the excess is added
to precipitation. The fraction of canopy which is wet,
J, is calculated as in Deardorff (1978):

Jo = (W)™ 29

The fractional power in (29) allows for simulation of
water covering the entire canopy during formation of
dew and only part of the canopy during evaporation.
It also allows for complete drying of the canopy. Evap-
oration of w, is calculated using the Penman (1948)
equation, since no vegetational resistance is present:

E,.
_ | MIARy + cppd(ea — e)/R)/(A + YA, Epe>0
[ARn + CpPJ(ea - ed)/Ra]/(A + 'Y)A’ E, <0
(30)

Dew occurs when E,,. is negative.

/
¢. Evaporation from bare soil

Evaporation from bare soil, E, is taken to be the
minimum of the Penman (1948) formulation for po-
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tential evaporation, E,, and the formula for maximum
evaporation, E,..,, of Gardner and Hillel (1962):

E = min(Ey, Ena). 31)

Assuming that relative humidity at the soil surface
equals 1, the Penman (1948) formula for E,, is

E, =[AH, + c,pJ(e. — ea)/RA/(A + VA, (32)

where Hj is the net heat at surface. The Gardner and
Hillel (1962) formula for Ep.y is

Enax = P—l'al_ﬂ'i s
4AZ,
where D, is the diffusivity of the first soil layer.

(33)

d. Evapotranspiration '

Potential evapotraﬁspiration, ET,, is calculated as

ETp = f;Tunst + (1 - f;)Ep +ﬁ>Ewc- (34)
Actual evapotranspiration, ET, is calculated as
ET = £,T + (1 — f))E + f,E,... (35)
VEGE TATION TS BARE SOIL
DRY Ln LR WET
SH SH LH
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° -]
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FIG. 9. Proposed energy balance and temperature components of
the ground hydrology model for coupling to the GCM. RN: net ra-
diation, LH: latent heat flux, SH: sensible heat flux, VH: heat of
water vapor, MH: heat of water, TD: temperature of dry canopy,
TW: temperature of wet canopy, RH: radiative heat between ground
and canopy; TV: temperature of vegetated portion of land surface
below canopy, TB: temperature of bare soil, GHV: ground heat flux
of vegetated portion of land surface, GHB: ground heat flux of bare
soil, TV1, TV2 and TV3: temperatures of three model soil layers of
vegetated portion of land surface, TB1, TB2 and TB3: temperatures
of three model soil layers beneath bare soil portion of land surface.
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e. Energy balance and links to the GISS GCM

In the GISS GCM the latent and sensible heat fluxes
from the surface layer to the first layer depend on both
temperature and water vapor mixing ratio. The GCM
assumes that the flux into the surface layer from the
ground equals the flux from the surface layer into the
first layer, for both latent and sensible heats. This yields
a set of simultaneous equations which are solved for
surface temperature and water-vapor mixing ratio. A
similar procedure will be followed in coupling the hy-
drology model to the GCM.

The hydrology model divides the net heating of the
evaporating land surface into latent and sensible heat

METERS

GRASSLAND

Max. LAI 2.9 Prentice, 1985

Mean Max.

Height (m) 2.0 UNESCO, 1973

Min. Stomatal

Resistance 94.0
)

Korner et al.,
(s m

1979

Canopy Resisg-
tance* 42.7
(s m ™)

Land Cover

Fraction 0.82 Geiger, 1965

Max. Inter-

ception Storage

Capaci§§** 0.29
(kg m °)

*Canopy Resistance =
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fluxes. The Penman-Monteith equations calculate the
portion of net heating which occurs as the latent heat
flux. The sensible heat flux is equal to the difference
between the net heating and the latent heat flux. The
partitioning of latent and sensible heat fluxes implies
the temperature of the evaporating surface, and this
temperature in turn affects the net heating of that sur-
face and the boundary layer resistance. Consequently,
the temperature of the evaporating surface must si-
multaneously satisfy the latent heat, radiation, ground
heat, and aerodynamic relationships. Proposed energy
balance and temperature components of the ground
hydrology model for coupling to the GCM are shown
in Fig. 9.

e

TROPICAL RAINFOREST

12.0 Prentice, 1985
51.0 Schulze, 1982
287.5 Fetcher et al.,
1983
45.1
0.95 Shuttleworth et al.,
1984
1.2

Stomatal Resistance

LAIe

, LAT = 5.0 .
c

**Interception Storage Capacity = 0.1 x LAI .

FIG. 10. Vegetation characteristics for two contrasting vegetation types.
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TABLE 1. Soil and vegetation combinations for four gridboxes.

Number

Soil type-vegetation type

— .
— et e N A BRI N e = R DD DD D U st e i (D s i e RO WA LA e R e R e

—

—
—_——) P = NCO OO OO = == N

11
48
16

ferric luvisol
eutric regosol
ferric acrisol
lithosol

eutric fluvisol
ferric luvisol
gleyic luvisol
eutric nitosol
cambic arenosol
luvic arenosol
eutric regosol
chromic vertisol
pellic vertisol
solodic planosol
orthic acrisol
lithosol

eutric fluvisol
ferric luvisol
gleyic luvisol
plinthic luvisol
dystric nitosol
luvic arenosol
eutric regosol
pellic vertisol
orthic solonchak
rhodic ferralsol
ferric luviso!
dystric nitosol
cambic arenosol
luvic arenosol
pellic vertisol
lithosol

eutric fluvisol

chromic luvisol
chromic vertisol
vertic cambisol
lithosol

calcaric fluvisol
chromic luvisol
ferric luvisol
eutric nitosol
chromic vertisol
pellic vertisol
chromic luvisol
chromic vertisol
pellic vertisol
ferric luvisol
chromic vertisol

plinthic acrisol
orthic ferralsol
xanthic ferralsol
dystric gleysol
lithosol

ferralic arenosol

lithosol

calcaric fluvisol
calcaric regosol
eutric regosol
haplic yermosol
gypsic yermosol

A. Sahel

B. India

C. Brazil

D. Sahara

trop.-subtrop. evérgreen seasonal broadleaf forest
trop.-subtrop. evergreen seasonal broadleaf forest
tall-med.-short grassland, 10-40% woody tree cover
tall-med.-short grassland, 10-40% woody tree cover
tall-med.-short grassland, 10-40% woody tree cover
tall-med.-short grassland, 10-40% woody tree cover
tall-med.-short grassland, 10-40% woody tree cover
tall-med.-short grassland, 10-40% woody tree cover
tall-med.-short grassland, 10-40% woody tree cover
tall-med.-short grassland, 10-40% woody tree cover
tall-med.-short grassland, 10-40% woody tree cover
tall-med.-short grassland, 10-40% woody tree cover
tall-med.-short grassland, 10-40% woody tree cover
tall-med.-short grassland, 10-40% woody tree cover
tall-med.-short grassland, 10% woody tree cover
tall-med.-short grassland, 10% woody tree cover
tall-med.-short grassland, 10% woody tree cover
tall-med.-short grassland, 10% woody tree cover
tall-med.-short grassland, 10% woody tree cover
tall-med.-short grassland, 10% woody tree cover
tall-med.-short grassland, 10% woody tree cover
tall-med.-short grassland, 10% woody tree cover
tall-med.-short grassland, 10% woody tree cover
tall-med.-short grassland, 10% woody tree cover
tall-med.-short grassland, 10% woody tree cover
tall-med.-short grassland, shrub cover
tall-med.-short grassland, shrub cover
tall-med.-short grassland, shrub cover
tall-med.-short grassland, shrub cover
tall-med.-short grassland, shrub cover
tall-med.-short grassland, shrub cover

tall grassland, no woody cover

medium grassland, no woody cover

"trop.-subtrop. evergreen seasonal broadleaf forest

trop.-subtrop. evergreen seasonal broadleaf forest
trop.-subtrop. drought-deciduous forest
trop.-subtrop. drought-deciduous forest
trop.-subtrop. drought-deciduous forest
trop.-subtrop. drought-deciduous forest
trop.-subtrop. drought-deciduous forest
trop.-subtrop. drought-deciduous forest
trop.-subtrop. drought-deciduous forest
trop.-subtrop. drought-deciduous forest
xeromorphic forest-woodland

xeromorphic forest-woodland

xeromorphic forest-woodland
trop.-subtrop. drought-deciduous woodland
trop.-subtrop. drought-deciduous woodland

tropical evergreen rainforest
tropical evergreen rainforest
tropical evergreen rainforest
tropical evergreen rainforest
tropical evergreen rainforest
tropical evergreen rainforest

desert
desert
desert
desert
desert
desert
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Medium Resolution (~8°x10°)
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FI1G. 11. Locations of test gridboxes.

|- Vegetation classification, characteristics, and com-
positing

For the evapotranspiration calculations, 32 classi-
fications of the 178 vegetation types of the Matthews’
global 1° X 1° vegetation dataset are used (Matthews
1983, 1984). The evapotranspiration calculations re-
quire information on leaf area index (LAI), stomatal
resistance, vegetation height, root density and depth,
landcover fraction and interception storage. Values for
these characteristics as a function of vegetation type
are specified from the literature, some of the more use-
ful sources being Schulze (1982) for vegetation height
and Korner et al. (1979) for minimum stomatal resis-
tance. Some examples of vegetation characteristics are
shown in Fig. 10 for two contrasting types. Seasonality
of vegetative growth is prescribed through monthly
variation of LAI; LAI as a function of month was ob-
tained by regressing published field measurements
against climate data according to Prentice (personal
communication 1985). Characteristics are specified for
32 vegetation types for off-line testing of the calcula-
tions and for 10-15 major ecosystems for inclusion
into the larger global climate model. The composite
vegetation inputs for LAI, vegetation height, fraction

of roots in each soil layer and landcover fraction are
calculated as weighted averages of the characteristics
of each vegetation type from the 1° X 1° data occurring

TABLE 2. Annual evapotranspiration calculations done with
weighted averages of 1° X 1° gridcells compared to those done with
composite vegetation and soil characteristics.

Weighted
average Composite
Gridbox Variable (gcm™?) (gcm™)
Brazil transpiration 81.5 81.2
evaporation from bare soil 13.7 13.8
evaporation from canopy 66.8 66.8
evapotranspiration 162.1 161.8
Sahel transpiration 53.8 13.2
evaporation from bare soil 62.7 106.5
evaporation from canopy 2.7 2.7
evapotranspiration 119.2 122.4
Sahara transpiration 0.0 0.0
evaporation from bare soil 16.0 18.0
evaporation from canopy 0.0 0.0
evapotranspiration 16.0 18.0
India transpiration 52.1 52.1
evaporation from bare soil 66.7 67.4
evaporation from canopy 16.8 16.8
evapotranspiration 135.6 136.3
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F1G. 12, Annual cycle of modeled evapotranspiration in the Sahara: (a) mass fluxes and GGM evaporation; (b) water balance;
(c) energy balance; (d) relative wetness from ground hydrology model and GISS GCM Model I1.

in the 8° X 10° gridbox. Composite boundary layer
and canopy resistances are calculated as conductances
and then inverted.

4. Results

a. Composite characteristics

An areally weighted average of evapotranspiration
from each vegetation type and soil type combination
at the 1° X 1° resolution was calculated over the 8°

X 10° gridbox using GISS GCM Model II hourly data
as inputs and then compared to evapotranspiration
calculated by composite vegetation and soil character-
istics. Locations of test gridboxes are shown in Fig. 11.
Soil type and vegetation type combinations are shown
in Table 1. Table 2 shows results from the four grid-
boxes. Comparisons show that evapotranspirations for
8° X 10° gridboxes calculated with composite vege-
tation and soil inputs are very close to the evapotran-
spirations calculated as weighted averages of the 1°
X 1° cells except in the Sahel. In the Sahel, lower soil
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FIG. 13. Annual cycle of modeled evapotranspiration in the Sahel: (a) mass fluxes and GGM evaporation, (b) water balance,
(c) energy balance, (d) relative wetness from ground hydrology model and GISS GCM Model 11.

water levels produce more variability in the partitioning
of evaporation between transpiration and evaporation
from bare soil due to nonlinearity in the soil moisture
availability factor curve (see Fig. 8). The Sahel gridbox
has a heterogeneous land surface with numerous soil
type and vegetation type combinations (see Table 1)
which in concert with the lower soil water levels cause
a discrepancy between weighted average and composite
calculations. A smaller grid size would decrease this
discrepancy, since the Sahelian region has latitudinal

stratification of soil and vegetation types. The generally
close results between weighted average and composite
calculations justify the use of composite vegetation
characteristics in the evapotranspiration calculations.

b. Test gridboxes

Diurnal and annual cycles of evapotranspiration
were calculated using the improved ground hydrology
model with GISS GCM Model II hourly data as inputs.



934

MSS FLUES
".OIA (COMPOSITE) Fv= 0.75 DI~ 100. \;SC- 0.01sL IC= D.OC
a F
£ /
£ /1
= N B AR /
3 / /T LAY
. = I AN
i W
s E 4 N
E ],"““ ----- R R N

EVAPOTRANPIRATION ~ —— ——
————— TRANSPIRAT ION

- oo oo EVAPORATION

CANCEY EVAPORAT | (N
GCHM EVAPIRAT 10N
e PREC IPITATION

)

ENERGY BALANCE

INDIA (OCOMPOSITE) Fv=[0.75 DI= 100. WSC= 0.01sL 1IC= 0.00

.
¢ F
™.
[ L ———1
0.1~ ~
- \.
@ 1. == =
d F . ~ I
- 7’
hd - / AT "~
T W - < .
[’ TP .
- .
by - rf—~\ o \\.
é fad ~.
- ~
g8 E It S el
.E
-
-
.“—
v ’ " . " ’ v N} s ° » °
———— NET RADIATIN ~  —— SDGIBLE HEAT
————— LATENT HEAT
......... GROND HEAT

JOURNAL OF CLIMATE

VOLUME 1
WATER BALANCE
INDIA (COMPOSITE) Fv= 0.75 Ot= 100. WSC= 0.0I1sL [C= 0.00
b . E
— AJ
£ ﬁ y // \\\
E " ’d \\, /
_E TN =T TWA LY,
é = / . d \\ ’ \.‘& /
w E ./' \\ 7
i E [ Y 17
e F
e B e B B IR .
= v L n A L] v v A S o L] (]
PRECIPITATION = e — UNDERGROUND RUNOFF
————— INFILTRATION se=--—- EVAPOTRANSPIRATION
--------- SURFACE RUNCFF

RELATIVE WETNESS

INDIA {COMPOSITE) Fy=0.75 DI= 100. WSC= 0.01sL 1C= 0.00

b
0.0f= Z - P I S hALLL S -3
=
a3=
08—
E B
ﬂ"l— ‘1
W
- \.\.
= N~
[ -
= \ VIS R
- AN\ ) M //
0. .
= I~ 1.7
E \\.* -
o=
=
=
y ¥ n » » ] v s s o [ °
Wt e GO LAYER 1
————— LAYER 2 .- GOM LAYER 2
--------- LAYER 3

F1G. 14. Annual cycle of modeled evapotranspiration in India: (a) mass fluxes and GGM evaporation, (b) water balance,
(c) energy balance, (d) relative wetness from ground hydrology model and GISS GCM Model II.

Annual cycles of evapotranspiration components, en-
ergy balance, water balance, and relative soil wetness
calculated with composite vegetation and soil charac-
teristics for the Sahara, Sahel and India gridboxes ap-
pear in Figs. 12-14 along with GISS GCM Model 11
precipitation, evaporation, and relative soil wetness.
These figures show that the hydrology model responds
appropriately to varying levels of precipitation in the

~ different regions. The hydrology model has higher rel-

ative soil wetness than the GCM, due to the addition
of canopy resistance to evaporation and to physically
modeled soil moisture. Computed surface runoff values
are low in the hydrology model, because local intensity
of rainfall in the GCM is consistently low due to area
averaging. The surface runoff curve in each case is
masked by the zero grid line.

Results for the Brazilian rain forest gridbox are
shown in Figs. 15 (diurnal cycle) and 16 (annual cycle);
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FIG. 16. Annual cycle of modeled evapotranspiration in the Brazilian rainforest: (a) mass fluxes and GGM evaporation,
(b) water balance, (c) energy balance, (d) relative wetness from ground hydrology model and GISS GCM Model 11.

observed values of the daily energy fluxes and annual
water balance are shown for comparison. Modeled lev-
els of diurnal net radiation, latent heat and sensible
heat are approximately the same as observed fluxes. In
addition, latent heat flux increases and sensible heat
flux decreases in the morning when dew is evaporating
and during rainfall events in a realistic manner. Mod-
eled water balance is compared to observed water bal-
ance from a study of a model basin near Manaus, Brazil
(Salati and Vose 1984) in Fig. 17. In general, modeled

annual hydrological variables compare well with ob-
served values; evaporation from bare soil, canopy
evaporation, and total evapotranspiration are slightly
overestimated, while transpiration and runoff are un-
derestimated to about the same degree.

c. Sensitivities

Sensitivities of annual totals of model variables to
fraction of vegetatiop (), soil matric potential (H),
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F1G. 17. Water balance from a study of a model basin near Manaus (Salati and Vose
1984). Water balance values for Brazilian rainforest from ground hydrology model are

in parentheses.

soil hydraulic conductivity (K), and canopy resistance
(R.) were determined by running the model at equilib-
rium soil moisture first with specified values of the
characteristics and then with a small change in these
values. The sensitivity of y with respect to x is defined

blz)

where x is the prescribed characteristic and y is the
dependent variable. Results are shown in Table 3. In
general, hydrological variables are more sensitive to f,
than to canopy resistance and soil properties. Changes
in f, affect levels of both transpiration and evaporation
from bare soil and this generally leads to significant
changes in the water content of the soil layers. Thus,
evapotranspiration components and runoff are sensi-
tive to small changes in f,. In contrast, hydrological
variables are less sensitive to a 10% change in canopy
resistance, since this affects only one component of
evaporation, transpiration, and since canopy resistance
acts in series with boundary layer resistance. Hydro-
logical variables, except for # and underground runoff,

(36)

are not very sensitive to small changes in soil water
potential and hydraulic conductivity.

5. Conclusions

Land-surface processes and their interactions with
the atmosphere and climate are believed to be a major
area of needed improvement in GCMs. It has not yet
been fully determined what level of complexity is
needed to provide sufficiently realistic hydrology for
climate modeling, both in terms of parameterizations
of land-surface processes and prescription of land-
surface characteristics. The ground hydrology model
described in this paper should contribute to more re-
alistic and accurate global climate models, since pro-
cesses are modeled on the basis of underlying physical
principles yet are still simple enough to be compatible
with other parts of a GCM. The use of composite soil
and vegetation characteristics has been justified by
comparison with high resolution results in four regions.
Hydrological variables in the model are sensitive to the
fraction of land surface covered by vegetation. Contin-
ued tests with this model, both off-line and coupled to
a GCM, should help to determine the optimum level
of detail for describing land-surface processes in global
climate models.
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TABLE 3. Sensitivities of annual hydrological variables® to fraction of land surface covered by vegetation, water potential,
hydraulic conductivity, and canopy resistance.

ET Trans Evap EWC LH SH UR Theta
Sahel
Fv

(1% inc.) —0.08 3.03 -0.47 1.01 -0.04 0.07 —14.38 0.42
" (10% inc.) 0.04 -2.0 0.29 0.00 0.04 -0.07 —0.05 -0.09
: (10% inc.) 0.02 —0.69 0.10 0.00 0.01 -0.02 1.06 -0.23
R((:m% inc.) -0.01 -0.27 0.03 0.00 -0.01 -0.01 0.22 0.02

Brazil |
Fv : .

(1% inc.) —0.68 1.01° ~18.97 0.99 -0.71 - 1.92 —2.67 0.24

(10% inc.) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03
: (10% inc.) -0.01 —0.01 0.00 0.00 —0.01 —-0.01 0.08 ~-0.17
R((:10% inc.) -0.20 -0.41 0.00 0.00 -0.20 -0.57 0.81 0.07

Sahara
Fv

(1% inc.) 0.11 0.00 1.05 1* _ 0.0‘7 —0.01 -0.27 0.04
" (10% inc.) 0.04 0.00 0.04 0.00 0.04 -0.01 —-1.92 -0.23
X (10% inc.) 0.04 0.00 0.04 0.00 0.05 —0.01 0.32 -0.20
RC(w% inc.) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

India
Fv .

(1% inc.) —-0.95 - 1.04 -3.00 1.01 -1.03 1.73 2.81 0.28
i (10% inc.) —0.01 —0.03 0.00 0.00 —0.01 0.02 0.00 0.0t
K(10% inc.) —0.01 —0.03 0.00 " 0.00 —0.02 0.02 0.04 —0.21
R(EIO% inc.) -0.19 —0.50 0.00 0.00 —0.20 0.34 0.57 0.06
# BEWC 00T 1774

AFV 0.01

® Evapotranspiration, transpiration, evaporation, evaporation of water stored on canopy, latent heat, sensible heat, underground runoff,

mean volumetric moisture content (theta).
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APPENDIX A
Derivation of Water Table Depth Equation

The derivation is performed in two parts. First, static
conditions are assumed (i.e., no water flow). Then this
condition is relaxed and a general formula, taking fluxes
into account, is derived. The general formula (which
reduces to the static formula when the fluxes are zero)
is used in the soil model.
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1. Static case

Given a vertical column of soil with an impermeable
layer at the bottom, consider the distribution of water
if there are no fluxes. There may be a region at the
bottom which is saturated. The top of this region is
defined as the water table, and is at a depth z,,. The
matric potential below z, is zero. If z, is taken as the
reference height for the gravitational potential, then
the total potential at z,, is zero. Because the flux is zero,
the total potential at any point above the water table
must also be zero:

h) =z,—2z for z>z,,
h@(z)) =0 (A1)

Suppose we have a model layer which is the first non-
saturated layer above the impermeable surface. Then,
in general, this layer must contain the water table. Let
z; be the lower boundary of this layer, and z, the upper
boundary as shown in Fig. 5. Then,

for z<z,.

z, <2, < 2. (A2)

The average matric potential in this layer is
z3
B, 2= [ 0@ [ 2. (a3
z

Substituting (A1) into (A3), making use of (A2), we
have

B2 = [ (o= 2z / (z-z).  (Ad)

Integrating, we have

Rz, 2) = =3 @w— 2Pz~ 20, (AS)
This expression can now be solved for z,,,
zw = 23 — (=2h(zy, 22)(z2 — z))". (A6)

Since A(z), z,) can be interpreted as being the same
quantity as the soil model’s value of 4 for the given
layer, z,, can be calculated as a model diagnostic.

Equation (A6) should only be used when the fluxes
are zero. It fails in the general case because (A1) does
not hold if a flux is present.

2. General case

Let us consider the same conditions as case (1) except
that a nonzero flux is permitted. The flux at any depth
z is given by Darcy’s law as

F(z) = —K(0(2))(1 + dh(6(2))/dz). (A7)
This can be rewritten in the form
dh = —(Ftk + 1)dz, (A8)
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where the arguments have been omitted to simplify
the notation. Asin case (1), # = 0 below the water table
so that (A7) and (A8) are only valid for z > z,. The
matric potential at any level above the water table can
be expressed as

fz dh = —fz (F(z%)/K(6(z*) + D)dz*. (A9)

Integrating, we obtain an equation that replaces (A1)
when z > z,,

h(0(2)) = (2w — 2) = J;z (F/K)dz*. (A10)

The average matric potential in the layer is obtained
by applying (A2) to (A10):

h(zi, 22) = = 3 (20 = 222 = 2)

Z2 z
- f f (FIK)dz*dz[(z; — z;), (All)
where we have assumed that F = 0 below the water

table. Let us define a dimensionless function g for a
given flow as

4wz =2 [ [ KOsz - 2. (A1)

~ Equation (A11) can be combined with (A12) to yield

h(zi, 2) = — % (g(zws 22) + 120 — 22)*/(22 — 21).

(Al13)
Rearranging, we have

2w = 23 — (=2h(z,, 22)(z2 — 21)/(@(zw, 22) + D).

(Al4)
This is not strictly a solution for z, because the right-
hand side depends on z,, through ¢. Unfortunately, g
depends on the details of the flow and is therefore not
a well-defined quantity for a numerical solution. How-
ever, a rough estimate for g can be made as follows.
First, expand 4(z) in a Taylor series about z,,:

h(Z) = h(zw) + h’(Zw)(Z - Zw)
+ % Rz )z — 2ot +++ -+ (Al5)

As always, we will take h(z,) to be zero. If we now
assume that /4'(z,) is not zero, then for z sufficiently
close to z,, we can approximate £ as

h(2) =~ h'(z,)(z — z.). (A16)

Substituting (A 16) into (A7) we obtain an approximate
expression for the flux,

F(2) =~ —K(0(2))(1 + h'(zy)). (Al17)
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We can use equation (A17) in (A12) and write g(z,,
z,) as

4wz =2 [ [ =+ Kz del(z, - 2.

(A18)
This can be integrated immediately as
4(zw, z2) =~ —(1 + h'(z.)). (A19)

The right-hand side of this equation can be estimated
by applying (A17) at z = z,, so that

4(zw, 22) = F(22)/K(6(z2)). (A20)

This enables g to be determined from known quantities,
since both F and K must be available at the boundary
z = z, in a numerical solution. Therefore (A20) com-
bined with (A14) defines the level of the water table
for a general numerical solution. Note that if the fluxes
are zero, equation (A14) reduces to the static case so-
lution (A6), because by (A20) ¢ is equal to zero.

. APPENDIX B
Symbols

Cp drag coefficient

Ch humidity transfer coefficient

Cp specific heat of air at constant pressure, cal

© kg'K™!

D diffusivity, kgm™' s~!

D, diffusivity of the ﬁrst soil layer, kg m™' s

E actualll evaporation from bare soil, kg m™2
)

Enax maxix?urrll evaporation from bare soil, kg
m ‘s

E, potentia.l evaporation from bare soil, kg m™2
)

E,. canopy evaporation, kg m~2s™!

ET actual evapotranspiration, kg m2s”!

ET, meanzeve}potransplratlon from layer I, kg
m-*s

ET, potential evaporation, kg m™2 s™*

&, saturated vapor pressure at surface air tem-
perature, N m™>

ey saturated vapor pressure at dewpoint tem- -
perature, N m~2

F water flux, kg m™2 s

F flux between layers /and / — 1, kgm™2s~!

Fy flux evaluated at a time intermediate be-
tween the present time step and the next
time step, kg m™2 s~ .

Ja fraction of canopy which is dry

FAO) fraction of roots present in soil layer

e fraction of land covered (shaded) by vege-
tation .
S fraction of canopy which is wet

JOURNAL OF CLIMATE

Zy
Buw(l)

XD > D>

VOLUME 1

total potential (matric plus gravitational) of
layer /, m

net heat at surface, W m™

wilting point, m

matric potential,

matric potential in layer 1, m

average matric potential in layer where wa-
ter table occurs, m

infiltration capacity, kg m

mechanical equivalent of heat, J cal™

hydraulic conductivity, kg m™2 5!

hydraulic conductivity between layers / and
[—1,kgm™2s"

mean conductivity in layer /, kg m™2s~!

number of layers in soil model

leaf area index

maximum value of LAI,

effective leaf area index

layer in soil model

precipitation rate, kg m™2 s~

dimensionless flow from water table

boundalry layer resistance for vapor transfer,
sm

canopy resistance of vegetatlon sm-

net radiation, W m™2

stomatal resistance, s m~

sinX. '

actual transpiration, kg m™2 s~

actualztra}mspiration from each soil layer, kg
m=s

surface air temperature, K

unstressed transpiration, kg m~2 s

vegetation height, m

wind speed at surface plane, m s~

water stored on the canopy, sum of dew and
intercepted precipitation, kg m™2

quantity of water in layer /, kg m™2

canopy water storage capacity, kg m

coordinate perpendicular to z in the uphill
direction, m

zero plane displacement, m

mean depth of layer /, m

thickness of layer /, m

surface roughness of vegetation, m

depth, or perpendicular distance below the
surface, m

depth of water table, m

soil moisture availability in layer l

psychrometric constant, N m~2 K™!

slope of saturated vapor pressure curve, N
m2K™!

distance between streams, m

volumetric moisture content

water content at saturation, kg m

latent heat of vaporization, cal kg™

density of air, kg m™>

angle of soil surface from horizontal

-2 s—l

1

1

—1

1

-2

-2
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